Abstract The purpose of the present study was to determine the effects of exercise training on the chemical composition of plasma low-density lipoprotein (LDL). Thirteen men (mean age±SE, 47.2±1.5 years) were examined before and after 14 weeks of endurance-oriented exercise training (3 to 4 d/wk, 30 to 45 min/d). Although calculated plasma LDL concentrations remained unaltered (3.49±0.24 versus 3.65±0.23 mmol/L), changes in the chemical composition of LDL (increased LDL free cholesterol, cholesterol ester, and phospnolipid content) were associated with a reduction in adiposity, umbilical girth, and basal plasma insulin and glucose concentration with training intervention. Increases in LDL
T he lack of physical activity has been recently added to the list of risk factors for coronary heart disease (CHD). The beneficial effects of endurance-oriented exercise training, on the other hand, have been recognized for some time. Exercise training increases functional capacity and decreases body weight primarily via a reduction of fat mass. 1 With respect to CHD risk, exercise training increases highdensity lipoprotein (HDL) cholesterol concentration but has only a modest effect on plasma low-density lipoprotein (LDL) cholesterol concentration. 15 Interpretation on the basis of calculated LDL cholesterol concentration may not, however, fully explain the positive adaptations associated with physical activity in relation to this atherogenic lipoprotein.
Recent evidence suggests that alterations in the structure and/or subpopulation distribution of plasma lipoproteins could play a role in the development of CHD. Chemical (ie, lipid and protein components) and physical (ie, particle diameter, molecular weight, and density) characterizations have revealed that structural differences among the subfractions in a given class of lipoproteins may differ according to CHD risk classification. For example, smaller and more dense LDL particles are more abundant in individuals with CHD compared with healthier control subjects. 6 " 10 A positive alteration reported with physical activity is a decrease in the concentration of these small, dense LDL particles and a predominance of the larger, more buoyant LDL subfraction. 4 " However, the chemical alteration in
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Correspondence to Joseph A. Houmard, PhD, Human Performance Laboratory, Sports Medicine Bldg, East Carolina University, Greenville, NC 27858. molecular weight and particle diameter were associated with a reduction in fat mass, plasma triglyceride concentration, and basal plasma glucose concentration with physical activity. The LDL lipid-to-protein ratio also increased (P<.01) with training by 7%, primarily due to an increase in LDL free cholesterol content (F<.01). These findings indicate the formation of LDL particles that are more cholesterol enriched and protein poor with exercise training, which provides additional evidence for the cardioprotective effect of long-term physical activity. (Arterioscler Thromb. 1994; 14325 -330.) Key Words • triglyceride • exercise training • plasma LDL LDL composition with training is not evident. The purpose of the present study was therefore to determine the effects of endurance-oriented exercise training on the chemical properties of plasma LDL.
Methods

Subjects
Sedentary, middle-aged white men (40 to 65 years of age) who had not performed regular exercise in the previous 2 years were recruited. Subjects were selected from a database of individuals who had undergone voluntary exercise stress testing in the Human Performance Laboratory and met the criteria of being free from any known cardiovascular disease, orthopedic problems, and diabetes and not taking medications that would interfere with metabolism. All subjects were nonsmokers. Participants were examined before and after 14 weeks of endurance-oriented exercise training. There were no changes in adiposity, basal insulin and glucose concentration, or the plasma total cholesterol to HDL ratio in a sedentary control group, 12 indicating a minimal influence of variation over time. The experimental protocol was approved by the University Policy and Review Committee on Human Research. Data from these subjects have been presented in a previous study.
Plasma Analyses
Subjects were instructed to consume similar foods for 3 days before the initial and for the posttraining blood sampling. Venous samples were obtained at 8 AM after a 12-hour fast and 48 hours after the last training bout. Fresh samples were analyzed for total cholesterol, HDL, and trigJyceride concentration by autoanarysis (American Monitor Corp, Indianapolis, Ind). LDL cholesterol concentration was calculated using the Friedewald equation. 13 An aliquot was also frozen at -80°C and subsequently analyzed for resting glucose concentration (Sigma procedure HK 16-UV, St Louis, Mo) and by radioimmunoassay for insulin concentration (Incstar, Stillwater, Minn).
The isolation and characterization of plasma LDL have been described in detail elsewhere. 1416 Briefly, LDL was isolated by a combination of ultracentrifugation and column chromatography. The chemical composition of LDL then included the determination of protein, phospholipid, triglyceride, and free and esterified cholesterol as previously described. 1416 Determinations were performed in a random order with the investigator blinded to the nature of the sample.
Physical characteristics of LDL included the determination of LDL molecular weight, particle diameter, and average hydrated density. Molecular weight determination was done in the laboratory of Dr Larry Rudel (Bowman-Gray School of Medicine, Winston-Salem, NC) by high-pressure liquid chromatography. LDL particle diameter was estimated by gradient gel electrophoresis, as described previously.
14 - 16 Briefly, fresh plasma was adjusted to a density of 1.225 g/mL with potassium bromide and overlayered with a solution of 1.215 g/mL potassium bromide. The tubes were centrifuged at 1500g and the floated lipoprotein fraction was recovered. Polyacrylamide gradient gel electrophoresis of the floated lipoproteins under nondenaturing conditions was carried out on a 2% to 16% gel (IsoLab, Norton, Ohio). Gels were scanned with a laser densitometer (Biomed Instruments, Fullerton, Calif), and the migration distance for each sample was measured relative to the migration of the standards of known diameters. Hydrated density was obtained by density gradient ultracentrifugation with the density gradient system of Shen et al 17 as previously described. 14 -' 6
Body Composition
Body density was determined by hydrostatic weighing (10 trials). 18 Residual volume was determined by the oxygen rebreathing technique before submersion." The relative percentage of body fat and fat-free mass was calculated from body density with the Siri equation. 20 Body mass was recorded to the nearest 0.1 kg and height to the nearest 0.1 cm. Body mass index (BMI) was calculated as mass (kg) times height (m 2 )" 1 .
Regional Fat Distribution
Umbilicus and maximal hip girths were obtained as described in the Anthropometric Standardization Reference Manual. 21 Girth measurements were obtained with a springtension, stretchless Gulick tape (Lafayette Instruments, Lafayette, Ind) to the nearest 1 mm. The waist-to-hip ratio (ie, umbilicus/maximal hip) was calculated. 21 Circumference measurements were performed by the same investigator in duplicate before and after the 14-week period, and the average was used in statistical analysis.
Cardiovascular Fitness
Relative fitness level was determined by the maximal oxygen consumption (VOjmax) elicited during an incremental treadmill test. Criteria for a maximal test were volitional fatigue, a respiratory exchange ratio >1.0, and a rating of perceived exertion &17. 22 Expired gases were monitored continuously (Beckman Horizon MMC, SensorMedics, Anaheim, Calif) for the determination of oxygen uptake. Twelve-lead electrocardiogram tracings were acquired every minute for the determination of heart rate. A treadmill test was performed at the midpoint of the training program to verify exercise intensity.
Dietary Intake
Three-day dietary intake (2 weekdays and 1 weekend) was assessed before training and during the final 2 weeks of training. Subjects recorded all foods eaten and the estimated quantity on provided data sheets during each recall day. Food selection was coded and average caloric intake calculated by the researchers (Food Processor II, ESHA Research, Salem, Ore).
Statistics
Data are expressed as mean±SE. Five of the subjects failed to meet the 90% adherence rate set before the study (1 because of injury unrelated to the study and the others because of time conflicts). Data analysis was performed on the remaining 13 men (mean age±SE, 47.2±1.3 years); plasma samples were not analyzed in the 5 individuals who did not meet the adherence requirement. Values were compared with a two-tailed paired I test; significance was adjusted to the P^.0\ level because of multiple comparisons. Pearson product correlations between changes (pretraining minus posttraining values) in selected variables were also determined (/>£.05).
Results
Adiposity, Dietary Intake, and Vo 2 max
The body composition data are presented in Table 1 . Fat mass decreased by 3 kg (P<.001), and fat-free mass increased by 1 kg (P=.O4), which resulted in an overall body mass loss of 2 kg (P<.01). The relative percentage of body fat (P<.001) and BMI (P<.01) decreased significantly with training. Umbilical girth decreased significantly (P<.001) as did maximal hip circumference (P<.001). The WHR decreased slightly but significantly (/ ) <.01) with training. Caloric intake (2414±185 versus 2431 ±193 kcal/d for before and after training, respectively, P=.95) and dietary composition were not altered.
The exercise program produced a training effect as evidenced by a 20% increase (/ > <.001) in relative yo 2 max and a 21% increase (P<.001) in absolute Vc^max (Table 1 ). This improvement in VO2inax was within the range (18% to 25%) reported by others in previously sedentary, middle-aged men with endurance training.
-25
Plasma Lipids, Glucose, and Insulin Table 2 , there were trends for a decrease in plasma triglyceride concentration (P=.O2) and an increase in plasma HDL concentration (^=.02) with training. Total cholesterol concentration was not altered (^=.89). The total cholesterol-to-HDL ratio significantly decreased (P<.0l) with training. Calculated LDL concentration did not change with the 14 weeks of physical activity (P=.23). There were also no mean changes in resting insulin (P=.16) or glucose concentrations (Z'=.15) with training.
As indicated in
LDL Particle Composition
The relative percentages of LDL components are presented in Table 3 . The relative percentage of free cholesterol increased significantly (/ > <.01), while the relative percentage of protein (P<.01) decreased with training. There were trends for mean increases in LDL cholesterol ester (P=.O3) and phospholipid (P=.O2) content and a decrease in triglyceride content (P=.O3). The ratio of total lipid (cholesterol ester+free cholesterol+phospholipid+triglyceride) to total protein significantly increased (P<.01) with the 14 weeks of physical activity. There was no significant change in the ratio of surface (phospholipid+free cholesterol+protein) to core (cholesterol ester+triglyceride) components (P=.25) because of concurrent increases in free cholesterol, cholesterol ester, and phospholipid and decreases in trigryceride and protein. There were also no significant mean changes in LDL particle diameter (P=.O8), molecular weight (P=.68), and density (P=.18) with training, which may have been at least partially due to the maintenance of the surface-to-core ratio and/or reciprocal changes in LDL particle composition (Table 3) .
Relations between LDL molecular weight and changes in fat mass, umbilical circumference, and plasma triglyceride concentration are presented in Fig  1. These data suggest that LDL molecular weight increased when overall and central fat stores and plasma triglyceride levels were reduced with training. Relations between changes in LDL molecular weight and changes in basal insulin and glucose concentration, as presented in Fig 2, suggest that LDL molecular weight increased when basal glucose and insulin were reduced with training was related (P<.05) to a reduction in BMI (r= -.66). Increases in LDL particle diameter with training were significantly (P<.05) related to a reduction in fat mass (r=-.57), plasma triglyceride concentration (r=-.68), LDL molecular weight (r=.58), and basal glucose concentration (r=-.74).
Relations between changes in LDL lipid content with training and selected indices of body composition, basal glucose and insulin concentration, and physical characteristics of the LDL particle are presented in Table 4 . These data suggest that the lipid components of LDL, with the exception of triglyceride, increased in conjunction with reductions in adiposity and basal glucose and insulin levels after training. Increases in LDL free cholesterol (r=-.58) and cholesterol ester (r=-.7O) also correlated significantly (/ ) <.05) with the reduction in plasma triglyceride concentration with training. Changes in LDL free cholesterol, cholesterol ester, and phospholipid content were significantly related to changes in LDL molecular weight and particle diameter with training. Changes in LDL triglyceride content were related to neither LDL molecular weight nor particle diameter. No changes in LDL particle characteristics were related to changes in Vo 2 max.
Discussion
The main finding of the present study was that endurance-oriented exercise training produced a significant chemical alteration of LDL. Increases in LDL free cholesterol, cholesterol ester, and phospholipid were associated with reductions in adiposity, umbilical girth, and basal plasma insulin and glucose concentrations with training intervention (Table 4 ). An increase in the lipid-to-protein ratio, primarily via an increase in LDL free cholesterol content, was also evident with training (Table 3) . Such changes are in contrast to the cholesterol-poor, protein-enriched LDL particles apparent in individuals with CHD and/or at high risk for CHD (ie, individuals with non-insulin-dependent diabetes melli- . 610 - 26 These data therefore provide another means by which physical activity reduces CHD risk, that being a favorable chemical alteration of LDL. This is an important finding, as previous exercise studies have focused primarily on physical rather than chemical changes in the LDL particles with training. 4 " The prevalence of cholesterol-enriched LDL with training is hypothesized to be primarily mediated through exercise-induced weight loss. 4 - 11 This relation was apparent in the current study, as increases in LDL free cholesterol, cholesterol ester, and phospholipid were related to a reduction in fat mass and BMI (Table  4) . A relation between central adiposity and LDL characteristics has also been demonstrated 1115 ; in support, a reduction in umbilicus girth was related to increases in LDL cholesterol ester and free cholesterol content ( Table 4) .
The interactions responsible for lipoprotein remodeling are complex and not well understood; as a result, several hypotheses explaining the chemical alterations in plasma LDL with exercise training have been forwarded.
411 - 27 A factor that can influence the chemical composition of LDL is the transfer of cholesterol ester from very-low-density lipoprotein and HDL to LDL in exchange for triglyceride. 28 This process is mediated by cholesterol ester transfer protein; however, the role of this enzyme is difficult to discern, as both an increase 27 and decrease 29 have been reported with exercise training. A similar situation is evident with lecithin cholesterol acyltransferase, as either an increase 30 or no change 31 has been observed with training intervention; however, a decrease in hepatic lipase activity is evident with physical activity.
32
- 33 An elevation of triglyceride clearance must also be considered, as both muscle and adipose lipoprotein lipase activities have been reported to increase with training. 3436 The present investigation, however, only examined compositional changes in LDL with exercise training; the mechanism responsible for the alterations observed can thus be only speculative.
Circulating insulin levels influence several key steps involved in lipid remodeling, such as hepatic and lipoprotein lipase activity. "J'-3 '- 40 Numerous studies have reported improvements in insulin sensitivity with exercise training 41 ; however, the impact of this positive alteration on the chemical properties of LDL is not evident. In the present study, reductions in basal glucose and insulin concentration were associated with increases in LDL cholesterol and phospholipid content (Table 4 ). This suggests that reductions in basal insulin and glucose levels with training may be at least partially involved in controlling the chemical remodeling of LDL.
A decrease in plasma triglyceride concentration with training was associated with an increase in LDL particle diameter (r=-.68, P<.05) and LDL molecular weight (Fig 1) . This is in agreement with others who have reported a negative association between LDL particle size and plasma triglyceride concentration. 42 " 44 In terms of the chemical properties of LDL, increases in LDL cholesterol ester (r=-.7O) and free cholesterol (r=-.58) content were also significantly related to a reduction in circulating triglyceride concentration. The statistical contribution of plasma HDL concentration in predicting LDL characteristics is small in comparison to that of triglyceride 4244 ; in the current study, no correlations with HDL concentration attained statistical significance. These findings therefore support others, which indicate that cardioproteaive LDL characteristics are related to circulating triglyceride concentration. 4244 A predominance of large LDL particles has been reported after 7 months and 1 year of enduranceoriented exercise training in middle-aged men.
411 However, no statistically significant increase in mean particle diameter was evident after 14 weeks of training in the present study, despite a change in the chemical makeup of LDL (Tables 3 and 4 ). Although our sample size was smaller, body and fat mass losses were similar (2 to 3 kg) and therefore cannot explain the discrepant findings between other studies and ours. 4 - 11 A possible explanation may be that chemical alterations with relatively short-term training precede overt physical changes in LDL. This is suggested by the strength of the correlations between changes in LDL lipid content and LDL particle diameter in Table 4 . With longer-term training (ie, 7 months to 1 year), the increases in LDL free cholesterol, cholesterol ester, and phospholipid content may be more pronounced and result in the expression of larger LDL particles.
411
A single bout of endurance exercise can increase LDL free cholesterol content and average LDL particle size. 45 - 46 Such compositional changes are, however, fairly transient, as a return to the preexercise level is evident 20 hours after exercise. 45 In the present study, plasma was obtained 48 hours after the final training bout. The reported alterations in LDL composition were thus likely a result of repeated days of exercise rather than a residual or short-term effect from the final exercise bout.
Plasma LDL concentration is positively associated with the risk for and development of CHD. 47 Exercise training commonly results in minimal or no changes in LDL concentration. 1511 However, the consideration of only absolute LDL mass may greatly underestimate the cardioprotective effects of long-term physical activity. We observed antiatherogenic alterations in LDL composition despite no changes in calculated LDL concentration (Tables 2 through 4 ). The current study indicates that factors other than concentration must be considered when determining the efficacy of a given intervention, such as exercise training, on LDL.
